The efficacy of Mycoplasma hyopneumoniae oral vaccine was investigated in microsphere dosage form. A co-spray drying process was used to apply an encapsulating material, Eudragit L30 D-55, to microspheres containing Mycoplasma hyopneumoniae antigens. The microspheres were generally effective (>93%) with protein release at pH 7.4, but almost none were released at pH 1.2, for 3 hr in an in vitro dissolution test. An SPF-swine model was used to evaluate the effectiveness of the microspheres as an oral vaccine, and the related immune responses. The serum's systemic IgG against M. hyopneumoniae was evoked by ELISA analysis, after a 2nd immunization of all pigs. The vaccinated groups' mean lesion score was significantly lower after the Mycoplasma hyopneumoniae challenge than that of the nonvaccinated/challenged groups (P<0.05). This study strongly suggests that the oral microspheres vaccine prepared by a co-spray drying method can provide effective protection against M. hyopneumoniae infection in pigs. KEY WORDS: co-spray drying, microsphere, Mycoplasma hyopneumoniae, oral vaccine.
Mycoplasma hyopneumoniae is widely recognized as a potent pathogen for mycoplasmal pneumonia in swine [2] , colonizing the respiratory epithelia and compromising integrity by inducing an inflammatory response [20] . The pathogen also causes significant economic losses by reducing body weight and prolonging periods between feeds [22] . Although some drugs and antibiotics are effective in vitro against M. hyopneumoniae, reducing the disease's clinical signs [12] , they have not yet been proven effective in eliminating the pathogen in vivo. Vaccination is an essential strategy in controlling mycoplasmal pneumonia. M. hyopneumoniae infects the ciliated epithelial cells of the respiratory tract [6] , and a mucosal immune response may therefore be important in the prevention and control of M. hyopneumoniae-induced pneumonia [23] . The concept of a common mucosal immune system has been supported by several oral immunization reports [8, 13] . Numerous experimental systems have proven that oral immunization can induce antibody secretion into the mucus on these surfaces [8, 16, 18] , and is almost completely restricted to the secretory form of IgA. Oral immunization causes this IgA antibody to be secreted from the GALT to distant mucosal tissue, including the salivary, mammary, respiratory, intestine and genital mucosal tissue, protecting these areas from pathogen invasion [5, 14] .
Microspheres have recently received widespread interest as vehicles for the controlled release of drug or bioactive agents; resisting degradation in gastric acid, they can release drugs in the intestines [1] . Oral antigen delivery by pHdependent microspheres can improve local and systemic immune responses [4, 16] , serving as a potent mucosal immunogen. It is essential to develop a new, simple and effective vaccine process. Microsphere oral vaccines have been previously developed in our laboratory via a novel cospray-drying process [16] . Current research uses the cospray drying method, with the M. hyopneumoniae as a model antigen encapsulated with an enteric-coating material of Aqua-coat [16] or Eudragit L30 D-55. The co-spray drying method used for microsphere preparation is more convenient and reliable than solvent evaporation, and is practical for future use. Research herein contributes to the development of a future mycoplasma oral vaccine.
MATERIALS AND METHODS

Preparation of microspheres:
The PRIT-5 M. hyopneumoniae strain isolated by the Animal Technology Institute, Taiwan, ROC, was cultured in Friis medium [9] and treated as in our previous investigation [17] . The culture was harvested when the medium's O.D. 550 value was between 0.07 and 0.09. After the addition of 0.2% formalin, the culture was incubated at 37°C with shaking for 1 hr, then stored at 4°C overnight [25] .
The pH-dependent enteric-coating material Eudragit L30 D-55 (Aqueous acrylic polymer dispersion) was used for microsphere preparation. The co-spray drying method involved mixing M. hyopneumoniae (125 ml) in a solution containing water (47.5 ml), encapsulated material (Eudragit L30 D-55, 62.5 ml), and additives (Talc 4.2 g, 87% Glycerol 8.4 ml). The M. hyopneumoniae and water-based entericcoating material solution was fed into the heated chamber of a spray dryer. Droplets containing polymer and additives were pumped through a high-speed disk and then sprayed into the chamber with warm air. The microspheres were then dried, and harvested with a cyclone. Disk speed was adjusted to 30,000 rpm and the inlet air temperature was held between 40°C and 50°C for a few seconds, before cooling at 25°C to 35°C. A model L-8 spray dryer (from Ohkawara Kakohki Co., Ltd., Yokohama, Japan) was used as described in a previous report [15] .
In vitro dissolution: A pH condition simulating the gastrointestinal tract's environment was modified via a procedure mimicking the USP XXII enteric-coated drug release method (1990) . The dissolution of enteric-coated microspheres for various pH levels at 37°C was then determined. The release of M. hyopneumoniae from the co-spray dried microsphere was assisted by a paddle rotating dissolution apparatus (DT-6 Shin Kwang, Taiwan). Microspheres were incubated in 500 ml of acid buffer (HCl containing 0.2% w/ v NaCl, pH 1.2) at a rotation speed of 100 rpm for 2 hr; the pH was then adjusted to 7.4 by Na 3 PO 4 [1, 7, 21] . A different pH was used for the dissolution test in this procedure. The sample was removed at various time intervals and centrifuged at 6,600 g for 1 min after which the protein content of the supernatant was measured with a BCA protein microassay kit. The microspheres' protein concentration was determined and the encapsulated efficiency of the protein content was calculated [i.e., the M. hyopneumoniae quantity (after in vitro dissolution) divided by the total M. hyopneumoniae mass (before encapsulation) (wt/wt)]. Each sample was analyzed in triplicate.
Encapsulating efficiency of Eudragit L30 D-55: Microspheres were dispersed in a phosphate buffered saline (PBS, pH 7.4) under continual rotation at 4°C overnight and the supernatant was then collected. To extract protein from the microspheres prepared with Eudragit L30 D-55, supernatant from the in vitro dissolution was mixed with 4 volumes of 100% acetone and 5% SDS (final concentration) for 1 hr at -20°C and then centrifuged at 12,000 rpm for 30 min [7] . The pellet was dried and redissolved in 50 µl PBS for protein analysis, SDS-PAGE, and Western-blotting.
SDS-PAGE analysis of the microspheres' unencapsulated and encapsulated M. hyopneumoniae extract was undertaken as described above. The gel was stained with Coomassie brilliant blue (0.1% w/v with methanol) for 15 min after electrophoresis. A destaining solution (methanol : acetic acid: pure water=50:40:10) was added to the gel for overnight washing. Gel was also electrotransferred for Western-blotting after electrophoresis, and protein was electrotransferred to a nitrocellulose membrane. The membrane was blocked overnight with PBS containing 5% skim milk. Hyperimmune rabbit anti-M. hyopneumoniae antiserum was added to PBS containing 0.5% skim milk, and the membranes were shaken for 2 hr. After three PBST washes (PBS containing 0.05% Tween 20), the membranes were incubated for 1.5 hr with goat anti-rabbit IgG conjugated alkaline phosphate. The blot was given three PBST washes and developed in an AP substrate buffer containing nitro blue tetrazolium (NBT) and 5-bromo-4chloro-3-indolyl phosphate (BCIP).
Animals and experiment design: Thirty 6-week-old cross breed piglets were purchased from the Taiwan Animal Technology Institute's SPF experimental farm. The piglets were housed in an SPF facility with aseptic feed and water, and randomly divided by weight into five groups: Eu (microspheres prepared with enteric-coating polymer Eudragit L30 D55), IM (intramuscular), Mix (instramuscular + oral vaccine), nonvaccinated/challenged (NV/C), and nonchallenged (NC). The first day of the study was designated day 0. Microspheres were suspended in a 5% acetic acid solution, and the resulting antigen solution was put into the pigs' mouths via a syringe attached to the mouth. Group Eu was received 3 × 10 9 CCU (color change units) of the M. hyopneumoniae oral vaccine on day 0, which was boosted on days 10 and 20. The intramuscular vaccines were prepared from PRIT-5 of M. hyopneumoniae grown for 48 to 72 hr in Friis medium. The vaccine contained 10 9 CCU of viable organisms before treatment with 0.2% formaldehyde. Group IM (intramuscular) received this M. hyopneumoniae vaccine with aluminium hydroxide as an adjuvant via intramuscular injection on days 0, 10 and 20. Group Mix received an intramuscular injection on day 0, and M. hyopneumoniae oral vaccine on days 10 and 20, whereas groups NV/C and NC were fed a placebo. All 24 piglets in groups Eu, IM, Mix and NV/C were challenged on day 30 with 5 ml of 10% pneumonic lung homogenate suspension containing 10 7 CCU of M. hyopneumoniae [26] , via intubation of the trachea.
On days 0, 10, 20 and 30, blood, feces, nasal and saliva samples were obtained and held overnight at 4°C, after which the serum was isolated and stored at -20°C. Feces, nasal and saliva swabs were collected, placed in 0.5 ml washing buffer [PBS containing 5%(w/w) Phenylmethanesulfonyl fluoride (PMSF), 0.2%(w/w) trypsin soybean inhibitor, 0.2%(w/w) gelatin], and spun at 6,000 g for 1 min. The washing buffer collected was maintained at -20°C [19] . All the pigs were slaughtered, and their lungs removed and examined for lesions on day 68 [11, 26] . Portions of lung were collected to isolate M. hyopneumoniae and bacteria [23] .
Enzyme-linked immunosorbent assay (ELISA): Each well of microtiter plates was coated with 100 µl of M. hyopneumoniae lysate solution at a concentration of 1 µg, in a 0.1 M sodium carbonate/bicarbonate buffer (pH 9.6) and stored overnight at 4°C [27] . After suction, 100 µl of PBS containing 0.5% skim milk was used to block the antigen on the plates, which were then incubated at 37°C for 30 min and washed 5 times with PBST (PBS containing 0.05% Tween 20). Phosphate milk buffer (PBS containing 0.05% skim milk) was used as a diluent for all samples collected. For antibody quantitative analysis, a standard curve of enzymeimmunoassay values was obtained with dilutions of a swine immunoglobulin reference serum. The 3-fold dilutions (6, 2, 0.6, 0.2, 0.06, 0.02, 0.006 µg/ml of IgG or 1.4, 0.48, 0.14, 0.048, 0.014, 0.0046, 0.0015 µg/ml of IgA) were introduced and coated in triplicate on a plate [15] . Unknown sample values were obtained from the standard curves. One unit/ml of antibodies was defined by the absorbance value of 1 µg/ ml of immunoglobulin reference, and one mU/ml of antibodies was defined by the absorbance value of 1 ng/ml of immunoglobulin reference. Standard curves ranging from 0.06 to 6 units of IgG and from 0.014 to 1.4 units of IgA against the absorbance value, could therefore be obtained [12] . The initial serum and swab washing fluid dilution were 1:200 and 1:10, respectively. One hundred µl of diluted samples were then added to wells and kept at 37°C for 1.5 hr. After five PBST washings, goat-anti-pig IgG and IgA alkaline phosphatase (Bethyl Laboratory, Montgomery, AL, USA) were diluted 1:2500 with a conjugating buffer (0.05 M Tris HCl, 0.15 M NaCl, 0.1 mM EDTA, 0.05% Tween 20), added to wells, and incubated for 1.5 hr. Alkaline phosphatase substrate [PNPP (p-nitrophenyl phosphate)] buffer was then added, and after 30 min of incubation, the optical density at 405 nm was analyzed with an ELISA reader.
Statistical analyses: Results were analyzed by ANOVA, and significant differences between the treatment group and time course (day) were tested at P < 0.05.
RESULTS
In vitro dissolution:
When the Eudragit microspheres were placed in a pH 1.2 solution, simulating the gastric environment, less than 20% of the protein was released at 37°C during 2 hr of incubation. In a simulated intestinal environment (pH 7.4) however, most of the M. hyopneumoniae antigens in the microspheres were released between 0.5 and 4 hr. Figure 1A shows the cumulative protein release percentages over time for both pH 1.2 and pH 7.4. Figure 1B shows the cumulative protein release percentages over time for different pH environments.
Encapsulated efficiency of Eudragit L30 D-55: After the spray-drying process and in vitro dissolution, the untreated control protein was compared to the protein extracted from microspheres by SDS-PAGE and Western-blotting. SDS-PAGE and Western-blotting graphs revealed that bands before encapsulation were similar to the bands after encapsulation ( Fig. 2A, 2B ). Most protein was encapsulated into microspheres and released into simulated intestine fluid, and no significant difference between the untreated and extracted protein was found. This phenomenon suggests that the protein antigenicity did not change after encapsulation.
Swine evaluation: The vaccinated groups exhibited an increased humoral IgG response to M. hyopneumoniae, which increased over the course of vaccinations ( Table 1) . The vaccinated groups' specific immunoglobulin gradually increased compared to the NV/C group. Only a low level of M. hyopneumoniae-specific IgA was detected in serum, saliva, feces, and nasal wash on days 0, 10 and 20 (data not shown), which was significantly different from that seen on day 30 in the NV/C group (P<0.05) ( Table 2) .
The NV/C group exhibited such clinical signs as a cough and rough hair after challenging. Typical lung lesions were observed in pigs from the NV/C group during necropsy, which also had higher pneumonic scores than the three vaccinated groups. M. hyopneumoniae was cultured from lung specimens of 23/24 challenged pigs (Table 3) ; no bacteria were detected in any of the specimens. SPF swine model challenge tests also revealed that oral and intramuscular vaccinations provided similar protection against lung lesion formation.
DISCUSSION
Protection against bacteria causing respiratory disease has long been known to have a stronger correlation with IgA antibodies in local secretions than with serum antibodies alone [3, 23, 24] . It is widely believed that successful mucosal immunization requires mucosal antigen administration. The two main paths proposed for antigen delivery to the most relevant mucosal tissue are the intranasal and peroral, though the peroral route is the more convenient. A high induction IgA response is often achieved through direct immunization via GALT, therefore antigen oral delivery by pH-dependent microspheres is a potent mucosal immunogen, enhancing local and systemic immune responses [4] .
The spray drying method resulted in partial instability or degradation of the entrapped antigen, perhaps because the protein was exposed to physical force that changed its structure and antigenicity, causing incomplete antigen release [10] . This phenomenon raises the question of whether the antigen encapsulation was selective or non-selective. Formulation profiles similar to untreated M. hyopneumoniae were found in the SDS-PAGE graph, indicating that protein encapsulation was non-selective. A Western-blotting graph revealed that protein from microspheres prepared by the cospray drying process had the same major bands as untreated M. hyopneumoniae, indicating that M. hyopneumoniae antigenicity is not changed by the co-spray drying process, and therefore this formulation can be used in in vivo studies with swine. This work reveals that co-spray drying is suitable for the production of antigen loaded microspheres prepared from enteric-coating materials. Microspheres prepared by Eudragit L30 D-55 exhibited pH-dependent release characteristics, with the initial burst of M. hyopneumoniae release relating to the buffer pH. Protein was released from microspheres at pH 7.4, but not at pH 1.2, indicating M. hyopneumoniae remained intact in gastric acid but disintegrated in the intestine. The pH range of the slaughtered pigs' intestines was 1.4-3.7 in the duodenum and 4.6-7.8 in the ileum. Figure 1B shows the rupture of microspheres near the ileum where Peyer's patches are extensively located. This may partially explain the enhanced immune response and protective effect elicited from antigens in the intestine. Various factors, including antigen protection under low pH, controlled antigen release, and the effective attachment of antigens to the Peyer's patches, may explain the greater efficacy of this formulation. Microspheres prepared by Eudragit had a good yield, and the formulation should be promising in enteric dosage form.
Vaccinated groups displayed more obvious immune responses than the NV/C group, indicating that microspheres prepared via co-spray drying can be used as an oral vaccine and elicit a significant immune response. The concept of a common mucosal immune system has been supported by several oral immunization studies [8, 13, 16] . Delgado et al. demonstrated induction of specific IgA antibodies at various mucosal sites via oral administration in mice, showing that oral administration of antigens can effectively induce antibodies through Peyer's patches [7] .
Pigs also show some signs of protection after intramuscular inoculation with formalin-inactivated M. hyopneumoniae vaccine, and a booster inoculation with the same vaccine onto the mucosal surface of Peyer's patches via surgical operation [26] . This information indicates that the primary goal of mucosal immunization is to induce secreted antibodies into mucosal surfaces, both at the immunization site and at distant surfaces, and that serum IgA is a crucial factor in protecting pigs from M. hyopneumoniae infection. Far less anti-M. hyopneumoniae IgA was measured in feces and nasal swabs than in saliva, perhaps because IgA was digested by a feces enzyme. The great amount of anti-M. hyopneumoniae IgA in saliva suggests local production of anti-M. hyopneumoniae IgA in the mucosa, although it could also be due to preferential transport of serum IgA across the epithelium indicating that anti-M. hyopneumoniae IgA circulates in the blood prior to entering the far distant mucosal system. Results shown in Table 3 reveal that lungs treated with oral vaccine had significantly lower lesion scores than NV/C groups, indicating that oral vaccine microspheres protect the pig's respiratory system from M. hyopneumoniae. Protection against clinical mycoplasmal pneumonia was not directly related to serum antibody concentrations induced by M. hyopneumoniae vaccination [24] . The mixed group had an improved immune response or protective effect compared to the Eu group. It appears that anti-M. hyopneumoniae IgG still has a function in M. hyopneumoniae vaccination. The results of this study suggest however, that a vaccine administered both intramuscularly and orally results in an enhanced local mucosal immune response, demonstrated by the significantly increased M. hyopneumoniae-specific IgG and IgA concentrations in the vaccinated group.
The present study has had some success in evoking systemic and mucosal immune responses through peroral administration of microspheres. A proposed co-spray drying method which aerosolizes an emulsion of enteric-coating polymer and its additives in a single-step process could easily be scaled up, and warrants further investigation. Microspheres can be formulated as a tablet and mixed with animals' food for use in the field, providing an easy method for oral vaccine mass administration and protecting the M. hyopneumoniae from the acidic environment. This method would substantially reduce the vaccination labor costs. In conclusion, M. hyopneumoniae serves as a model antigen, and encapsulated with Eudragit L30 D-55 as an entericcoating material, and by using the co-spray drying method to prepare the microspheres, it is convenient and reliable, and is suitable for future use.
